Communication between flowering plants and animal pollinators has long attracted the attention of researchers seeking to decipher the role and influence of the various floral traits on pollinator behavior. As numerous studies show, a plant's floral display is a multimodal signal that is often perceived by pollinators through different sensory channels.
Floral traits that correlate with nectar availability or are linked functionally to nectar production carry the potential to enable remote assessment of energy rewards by pollinators. Such floral traits can be considered "honest" in the sense that they convey information about the quality or profitability of a flower to a pollinator. Recently a new sensory channel used in plant-pollinator interactions was identified. We demonstrated that evaporation of water from the nectar itself and the petals create local humidity gradients above Oenothera cespitosa (Onagraceae) flowers. Since these humidity gradients are directly linked to nectar volume, they convey reliable information about nectar rewards to hawkmoth pollinators (Sphingidae). Several studies document a variety of sensory cues that constitute honest signaling between plants and pollinators, and shed light on the central question of when the two parties should communicate honestly. In the following sections, I will comment on different honest signals mediating plant-pollinator interactions, with a special emphasis on our recent findings about floral humidity gradients.
Floral humidity and other indicators of energy rewards in pollination biology

Martin von Arx
Department of neurobiology and Behavior; Cornell University; Ithaca, nY USA Current affiliation: Department of Entomology; University of Arizona; Tucson, AZ USA Keywords: humidity gradient, nectar, floral profitability, floral display, vision, olfaction, hygroreception, honest signaling, transient rewardlessness (most notably many orchids) that resemble rewarding flowers of other species. 5, 6 In addition, pollinators foraging for floral nectar often encounter transiently rewardless flowers of plants that generally provide a reward. This can be due to (1) earlier visits of pollinators or nectar robbers that depleted the nectar, (2) availability/palatability of the reward only during certain periods in the life of a flower, or (3) abiotic factors affecting reward production. In addition intraspecific variation in nectar production and standing crops among flowers, plants and populations is common, 7, 8 and nectar secretion often ceases after anthesis. 9 From the pollinator's standpoint, visiting empty flowers is energetically costly and reduces the profitability of a patch, with attendant fitness-related consequences. 10, 11 Therefore, pollinators should be strongly selected to remotely obtain "honest" information from flowers concerning rewards. Indeed, in several plant-pollinator systems honest signals have been identified. However, honest signaling strategies differ in their accuracy of signaling profitability to pollinators, based on the type of signal and the strength of its quantitative association with the reward. Below, I propose a distinction of floral traits according to their link to the reward and their efficiency to indicate transient rewardlessness to pollinators (Table 1) , similar to the classification of Maynard Smith and Harper of "conventional signals" and "assessment signals" established for animal-animal interactions. 12 Subsequently, I discuss the reliability to indicate floral profitability to pollinators of those two groups of floral traits.
Honest Signaling through Floral Traits that are Indirectly Linked to Energy Rewards
From early research on pollinator preference patterns, flower color was proposed as an example of honest signals in plantpollinator interactions. In many plant species the corolla undergoes a distinct change in color at some point during the life of the flower and in some species the change occurs as the flower opens or at the onset of nectar production. Nectar secretion in Streptosolen jamesonii (Solanaceae) flowers commences around the time the flower opens and continues for about three days. Shuel 13 described a gradual color change from yellow through orange to scarlet as flowers mature, allowing the pollinator to accurately estimate the age and possible nectar content of the flower. Barrows 14 also proposed flower color as an nectar or pollen rather than conveying more precise information about quantity and quality of the reward. On the other hand, floral traits that are directly linked with nectar rewards would more reliably indicate floral profitability to pollinators in that they have a higher temporal resolution and allow remote sensing of energy rewards ( Table 1) . It is up to debate what information is more valuable to a pollinator: (1) identifying flowers with a potentially high standing crop of nectar (mostly achieved through floral traits indirectly linked to rewards; e.g., 17) or (2) accurate detection of nectar presence/absence (mostly achieved through floral traits directly linked to rewards; e.g., 23). I suggest the latter since these floral traits allow pollinators to detect transient rewardlessness in flowers and therefore to avoid visiting empty flowers which would be costly in terms of time and energy.
The following examples will illustrate this point. Recent findings from plant species endemic to Mauritius describe nectar color as a reliable signal allowing pollinators to assess the presence and size of a reward prior to flower visitation. The flowers of Trochetia boutoniana (Malvaceae) and T. blackburnia produce red and yellow nectar respectively. 24 Since signal and reward are coupled in colored nectar, Hansen et al. 25 hypothesized that color functions as an honest visual signal. Indeed, in a binary choice test Phelsuma geckos clearly preferred colored over clear nectar. 25 Further examples of nectar color acting as an honest signal were documented for bird pollinators. For instance, choice assays and anecdotal observations in the wild led to speculation that pollinating birds learn to associate the distinctive dark-colored nectar of Aloe vryheidensis (Xanthorrhoeaceae) with its presence in newly opened flowers, effectively acting as an honest signal and increasing pollination efficiency. 26 Recently, Zhang et al. 27 provided conclusive support for this hypothesis with a Himalayan shrub and its bird pollinators. Leucosceptrum canum (Labiatae) inflorescences are densely packed with small, cream-white flowers that open anthers, dehisce pollen and initiate stigma receptivity 48 h after the corolla opens. This coincides with reaching maximum nectar volume and sugar concentration. 27 At this point a pigment secreted into the nectar (1) changes the color from clear white to dark purple and (2) renders the nectar palatable to bird pollinators. Zhang et al. 27 showed in behavioral experiments that the dark purple nectar of L. canum acts as a foraging signal to the birds. This is an extraordinary example of simplicity rhyming with efficiency in that one molecule creates an honest foraging signal to increase pollination efficiency through nectar visibility and palatability.
Honest signaling using olfaction as a sensory channel was reported for Datura wrightii flowers (Solanaceae), where transient carbon dioxide (CO 2 ) emissions were shown to be associated with nectar production. 28 Guerenstein et al. 28 suggested that at least some of the CO 2 released by these flowers derives from the metabolic activity required to produce nectar, because nectar secretion and CO 2 emission decrease simultaneously. Subsequently it was demonstrated that naïve Manduca sexta (Sphingidae) moths prefer surrogate flowers emitting high levels of CO 2 , a characteristic of newly opened, profitable D. wrightii flowers. 29 Goyret et al. 30 further investigated CO 2 -mediated nectar foraging in M. sexta and showed that floral CO 2 is also a redundant stimulus with honest signal for nectar rewards as he showed a preference of butterfly pollinators for newly opened, yellow Lantana camara (Verbenaceae) flowers. Newly opened flowers are yellow and begin turning orange about nine hours after opening. Yellow flowers contain pollen and nectar, but by the time the flowers turn reddish-orange, they have negligible pollen and no nectar. 15 A similar coupling of energy reward and flower color, and subsequent pollinator preference was reported for Lupinus argenteus (Fabaceae). 16 The flowers are pale blue except for a yellow spot on the banner petal, which turns purple several days after anthesis. This color change presents an honest signal since it is correlated with significantly greater energy rewards (pollen) in yellow spotted flowers compared with purple spotted flowers. Indeed, Gori 16 found that bumblebee pollinators visited almost exclusively flowers with a yellow spotted petal. These findings suggest that the bees learned the association between color and rewards and adjust their foraging behavior in response to the honest information provided by the floral display of L. argenteus. Besides flower color, flower shape has been shown to function as an honest signal as various relationships between morphological floral traits and nectar rewards were described for different plant species. In Ipomopsis aggregata (Polemoniaceae) corolla width is positively correlated with nectar production, and hummingbird flowers with wide corollas are more frequently visited by hummingbird pollinators. 17 In another hummingbird pollinated plant (Silene virginica; Caryophyllaceae), flower size was associated with nectar rewards with larger flowers receiving more visits. 18 The shape of the corolla can vary greatly even between co-occurring conspecific individuals and in various cases corolla shape was proposed as an honest signal conveying information about profitability. It was shown that pollinators are able to discriminate between flowers of the different corolla types and prefer the morphs that offer higher energy rewards. [19] [20] [21] [22] Despite their general association with nectar rewards, the floral traits described above are limited in their accuracy to signal profitability to pollinators ( Table 1) . Corolla shape is static and changes in floral color happen slowly 14, 16 and do not precisely follow the dynamic pattern of nectar abundance. Barrows, 14 who proposed petal color as an honest signal for profitability in L. camara, demonstrated in the same study the limitation of this signal. Butterfly pollinators were unable to distinguish between yellow rewarding flowers and yellow flowers that were robbed by stingless bees (32% in the case of L. camara). Even though robbed flowers offered no reward, their attractiveness to butterfly pollinators was not reduced. Therefore such floral traits fail to signal transient rewardlessness to pollinators. In spite of such lack of precision and occasional misinformation, relatively static signals can provide sufficient information for selection to favor a clear behavioral response by pollinators.
Honest Signaling through Floral Traits that are Directly Linked to Energy Rewards
As the previous section shows, floral traits that are correlated with energy rewards but change slowly over time are at best honest "on average" and advertise the potential to encounter floral the signal is costly to produce and therefore the reliability of communication is increased in relation to the investment in the trait and/or (2) the production of the signal is physically constrained through a material link between the signal and the quality advertised by the signaler. With floral humidity gradients both conditions are fulfilled, suggesting a high robustness to cheating. It has been appreciated lately that water can be one limiting factor in the development of floral organs, 38, 39 and this is especially true in xeric environments because considerable water can be lost through transpiration. The transpiration rate of Persea americana (Lauraceae) flowers was shown to be approximately 60% that of leaves; around 13% of total transpirational water loss from tree canopies could be attributed to floral organs. 40 In the extreme case of the desert succulent Agave deserti (Asparagaceae), transpirational water loss from the inflorescence and the lateral floral branches exceeded leaf transpiration. 41 Concerning the allocation of water to nectar production, it seems that because of water limitations nectar concentration is generally higher in xeric environments than in temperate environments (for a review see ref. 42 ). Nectar production can entail a cost to a plant in terms of growth and/or reproduction 4 and in xeric environments the water component, the substrate for the generation of floral humidity gradients, might be as expensive as the sugar component of the floral nectar. Concerning Zahavi's argument of physical constraint, the production of floral humidity gradients is partly based on the evaporation of nectar 23, 43, 44 a fundamental physical process occurring naturally during anthesis and therefore, mechanistically linked to the nectar reward.
Another reason why floral humidity gradients may be an effective indicator of flower profitability, at least for insect pollinatorplant interactions, is related to the sensory channel by which the signal is perceived. Regulations of temperature and water balance are primary components of homeostasis in all organisms, and insects are sensitive to ambient humidity levels they experience at any given time. Changes in humidity levels are detected by hygrosensitive sensilla, which house receptor cells in an antagonistic pair of a dry and a moist cell together with a thermoreceptor. 45, 46 The general picture of hygrosensitive sensilla follows the concept of protected exposure, being maximally exposed to the environment by their location mostly at the tip of the antennae, but protected from mechanical irritation or damage by their position in a groove. 47, 48 Recent studies documented exceptional sensitivity of insects to changes of ambient humidity levels. [49] [50] [51] [52] Since insects possess dry and moist cells, their sensory system conveys qualitative and quantitative information to increasing as well as decreasing humidity levels, in contrast to olfaction for example. Floral humidity gradients are therefore well suited for detection by nectar foraging insect pollinators, since they are perceived by a highly sensitive sensory system, which in a different context is critical for microhabitat selection and survival.
Conclusions
During foraging bouts pollinators have a high probability of encountering rewardless flowers. Either the flowers cheat, a common strategy in animal-pollinated plants, 53 or flowers were floral odor and affects moth behavior already from a distance. A closer relationship of volatile organic compunds with nectar can be found when nectar is scented. Raguso 31 outlined the potential of nectar scent as an honest signal, highlighting cases in which the scent of nectar is qualitatively or quantitatively distinct from overall floral scent. Marden 32 provided some evidence that honeybees discriminate between artificial flowers with scented nectar and with water alone. Similar findings were reported for hawkmoths and hummingbirds. Nectaring duration was significantly increased when particular volatile organic compounds (e.g., cis-α-bergamotene, benzylacetone) were added to the nectar compared with scentless nectar. 33 Further evidence that pollinators are capable of directly detecting the presence of nectar rewards via volatile organic compounds was found in solitary bees in the genus Osmia (Megachilidae) visiting flowers of Penstemon caesius (Scrophulariaceae). Bees with uncovered antennae preferred rewarding flowers, whereas bees foraging with silicone-covered antennae and therefore impaired olfactory capabilities visited rewarding and empty flowers equally. 34 However, the volatile emissions of P. caesius flowers and nectar have not been characterized yet and the identity of the signal used by Osmia bees remains therefore speculative.
Floral Humidity: An Especially Efficient Floral Trait in Indicating Flower Profitability?
Recently, we provided a proof of principle that humidity gradients produced partly by nectar evaporation could indicate flower profitability to pollinators. 23 Our data remains inconclusive so far concerning whether this floral trait can be characterized as a signal or a cue. According to Bradbury and Vehrencamp, 2 the two major criteria that have to be fulfilled to characterize a sensory stimuli as a signal are (1) that the provision of the information is not accidental but only because it benefits the sender and (2) that the receiver must also benefit by having access to the provided information. We suggested that humidity gradients are likely to occur in other long-tubed or -throated flowers with an interstitial volume of air within the flower bud and copious nectar production, 23 all characteristics of the hawkmoth pollination syndrome. Hawkmoths can be highly effective pollinators of such flowers as it was found that one visit could be sufficient to achieve complete fertilization of a flower. 35 The elevated humidity levels we documented for freshly opened flowers with abundant nectar may benefit the plant by attracting pollinators to healthy, nonpollinated flowers. In this case, humidity gradients could ultimately function as a signal, providing benefits to both plant and pollinator.
Different aspects of the production and perception of humidity gradients suggest that this floral trait might be more reliable and efficient than the honest signals described above. This conclusion is based on two main points: (1) robustness to cheating and (2) targeting a well-suited sensory system for signal detection. Vulnerability to corruption by deceit arises whenever a signal is informative. There are, however, properties of signal design that can help to maintain honesty. According to Zahavi, 36, 37 mechanisms for the maintenance of honesty can be either that (1) excellent systems to study honest signaling strategies, since signal modulation is relatively slow and experimental manipulations of the signal is often possible. Therefore, future research on plantpollinator interactions could help to explain the maintenance of honest signaling between two partners with conflicting interests and contribute to ongoing discussions in the field of signal theory.
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emptied by earlier flower visitors. Nevertheless, under certain circumstances plant-pollinator systems adopt an honest signaling strategy, reflected by the multitude of examples described here. Interestingly, the honest signals described in plant-pollinator systems vary in their degree of reliability and information content. Honest signals that are directly linked to the energy reward seem to be more efficient and reliable to indicate floral profitability to pollinators ( Table 1) .
Further examples of honest signals would shed light on the mechanisms by which plants can couple signal and reward and the circumstances under which they can honestly reveal the presence and value of floral nectar. Post-pollination ethylene signaling in flowers 54 or the unexplained mechanism by which hummingbirds avoid nectar-robbed plants 55 could be promising avenues of future research. Furthermore, plant-pollinator interactions are Table 1 . Properties and information content of floral traits indicating flower profitability grouped according to their link to the energy reward
Floral traits indirectly linked to rewards Floral traits directly linked to rewards
Properties
Emitted by other floral parts, not the reward Generally emitted by the reward itself
Production not linked to the reward or the physiological processes that produce it
Production can be mechanistically linked to the reward or the physiological processes that produce it.
Static or low temporal resolution (hrs, days) Relatively high temporal resolution (mins)
Contain information about the potential profitability of a flower
Indicates the presence/absence of the reward. Occasionally, the floral trait contains more specific information about the quantity and/or quality of the reward 
Consequences
